Abstract The reversibility of viable dysfunctional myocardium after revascularization is variable and the reasons for this are unknown. Using 2D-DIGE, we tested the hypothesis that this could reflect the extent of molecular remodeling of myocardial tissue in the absence of infarction. Swine with a progressive left anterior descending (LAD) stenosis were studied 2 months (n = 18) or 3 months (n = 22) post-instrumentation. Coronary flow reserve (vasodilated/rest) was severely reduced at 2 months (LAD 2.6 ± 0.4 versus 5.1 ± 0.4 in normal, p \ 0.05) and became critically impaired after 3 months (LAD 1.1 ± 0.2, p \ 0.05 vs. 2 months). Despite progression in stenosis severity, reductions in wall thickening at 2 months (LAD 37 ± 4 % vs. remote 86 ± 9 %, p \ 0.05) were unchanged at 3 months (LAD 32 ± 3 %, p = ns). Contractile dysfunction was primarily related to reductions (LAD/ normal) in contractile proteins which were not affected by stenosis severity (e.g., troponin T, 2 months 0.82 ± 0.03 vs. 0.74 ± 0.03 at 3 months, p-ns). In contrast, mitochondrial function and proteins were normal at 2 months but declined with progression to a critical stenosis (state 3 respiration at 3 months 145 ± 13 vs. 216 ± 5 ng-atoms O 2 mg -1 min -1 at 2 months, p \ 0.05). In a similar fashion, increases in stress (e.g., aB-crystalline 2.13 ± 0.2 vs. 1.17 ± 0.13 at 2 months, p \ 0.05) and cytoskeletal proteins (e.g., desmin 1.63 ± 0.12 vs. 1.24 ± 0.10 at 2 months, p \ 0.05) only developed with more advanced remodeling from a critical stenosis. We conclude that similar degrees of chronic contractile dysfunction can have diverse intrinsic molecular adaptations to ischemia. This spectrum of adaptations may underlie variability in the time course and extent of reversibility in viable chronically dysfunctional myocardium after revascularization.
Introduction
Chronic hibernating myocardium is as an adaptive state which develops in response to repetitive ischemia as the physiological significance of a chronic coronary stenosis progresses [6, 15, 16, 35] . It has important clinical implications for prognosis since it is associated with delayed functional recovery after revascularization and its reversal can potentially improve heart failure [31] . In its pure form, hibernating myocardium is characterized by severe regional reductions in coronary flow reserve, function, and oxygen consumption in the absence of infarction with variable contractile reserve and delayed recovery after revascularization [5, 6] . The original concept of hibernating myocardium proposed that a primary reduction in flow initiated the adaptive response [28, 29] but subsequent studies demonstrated that chronic contractile dysfunction could arise from repetitive ischemia distal to a chronic severe stenosis. Subsequent studies in swine with a chronic LAD stenosis showed that viable chronically dysfunctional myocardium progresses from a state of chronic stunning with near normal resting flow to a state of chronic hibernation where resting flow, function, and oxygen consumption become reduced in the setting of a critical impairment in coronary flow reserve [8, 14, 21, 33] . The temporal progression from a physiological phenotype of chronic stunning to hibernation can be accelerated by acutely increasing the severity of a coronary stenosis [33] . Likewise, myocardial hibernation can be induced by repetitive prolonged episodes of severe reversible ischemia [21] .
Chronic stunning appears to be distinct from hibernating myocardium at the cellular and molecular level since there is minimal myocyte loss from apoptosis and myocyte cellular hypertrophy is absent [11] . Selected candidate proteins involved in calcium handling such as the sarcoplasmic reticulum (SR) Ca 2? ATPase and phospholamban are also normal in chronically stunned myocardium whereas they are reduced in hibernating myocardium. In further support of this molecular diversity, the transition from stunned to hibernating myocardium is associated with reductions in glycogen synthase kinase (GSK-3b) and a shift from free fatty acid to glucose utilization [21] . While regional, the metabolic and cellular adaptations in hibernating myocardium are similar to those found globally in the advanced failing heart [19, 30] suggesting that they may reflect a response common to the hypertrophied cellular phenotype [27] .
We performed the present study to determine how the physiological significance of a stenosis initiates the regional molecular remodeling that develops in viable dysfunctional myocardium. To obtain insight beyond a candidate protein approach, we employed myocardial proteomic profiling with 2D-differential-in-gel electrophoresis (2D-DIGE) and compared animals with a moderate stenosis at 2 months after instrumentation to those at 3 months with a severe stenosis and a critical impairment in coronary flow reserve. The results demonstrate molecular diversity despite similar degrees of contractile dysfunction that is determined by the physiological significance of a coronary stenosis.
Methods

Surgical coronary artery instrumentation
Experimental procedures and protocols conformed to institutional guidelines for the care and use of animals in research and were approved by the University at Buffalo Institutional Animal Care and Use Committee. Juvenile farm-bred pigs (8-10 kg, n = 51) had a fixed diameter LAD stenosis placed on the proximal LAD as previously described in detail [14] . Briefly, pigs were fasted, premedicated with a Telazol (tiletamine 50 mg ml -1 and zolazepam 50 mg ml -1 ) and ketamine (100 mg ml -1 ) mixture (0.037 ml kg -1 intramuscular), and given intravenous (IV) prophylactic antibiotics (cefazolin 0.5 g IV and gentamicin 40 mg IV) prior to surgery. The animals were intubated and anesthetized with isoflurane (1-2 %), and a left thoracotomy was performed in the fourth intercostal space using sterile technique. The proximal left anterior descending coronary artery (LAD) was dissected free and instrumented with a fixed-diameter Delrin stenosis (1.5-2.0 mm inner diameter). Sham swine were used to obtain normal myocardial tissue and underwent anesthesia and thoracotomy, but did not have a coronary stenosis placed on the LAD.
Study protocol
Physiological studies were performed in the closed-chest anesthetized state either 2 or 3 months after coronary artery instrumentation when we have previously demonstrated function and coronary flow during vasodilation to be reduced [8, 14] . Animals were sedated with Telazol/xylazine (0.022 ml kg -1 intramuscular) and mechanically ventilated with oxygen. Anesthesia was maintained with a propofol infusion (5-10 mg kg -1 h -1 IV). A 6F introducer was placed into the brachial artery and the side port was used for arterial pressure measurement. A 5F end-hole Millar micromanometer (Millar Inc., Houston, TX) was inserted into the left ventricular apex for pressure measurement and microsphere administration. Heparin was administered (100 units kg -1 IV), and hemodynamics were allowed to equilibrate for 30 min prior to hemodynamic and coronary flow measurements. Using fluorescent labeled microspheres, myocardial blood flow measurements were performed at rest and after pharmacologic vasodilation with adenosine (0.9 mg kg -1 min -1 ) with co-infusion of phenylephrine (10.0 ± 1.3 lg kg -1 min -1 ) to prevent hypotension.
Two-dimensional echocardiography was performed as previously described [25] using a 2.5 MHz phased-array transducer (GE Vivid 7; GE Healthcare). Regional wall motion was assessed using the anatomical M-mode package from GE Healthcare and quantified as the percent myocardial wall thickening ([end systolic wall thickness (ESWT) -end diastolic wall thickness (EDWT)]/end diastolic wall thickness (EDWT) 9 100).
Myocardial tissue sampling
The animals were allowed to recover after the physiological studies, and myocardial tissue harvesting was performed 3 days later to prevent any pharmacological effects on the myocardial proteome. Pigs were intubated and anesthetized using propofol (20-75 lg kg -1 min -1 IV) and ketamine (30-125 lg kg -1 min -1 IV), and hearts were arrested with potassium chloride. The left ventricle was cut into circumferential rings with a midventricular ring divided into 12 wedges with each wedge subdivided into three transmural layers. Samples were digested and processed for microsphere flow analysis as previously described [25] , and adjacent rings were stained with triphenyltetrazolium chloride (TTC) to exclude infarction. Animals were excluded if there was C3 % infarction in the LV. Samples for proteomics were taken from the subendocardial region of the distal LAD territory and immediately flash frozen at -80°C. Fresh tissue was used to obtain an enriched mitochondrial fraction for in vitro mitochondrial respiration measurements.
Proteomic profiling of viable dysfunctional myocardium
We assessed changes in myocardial protein expression at 2 and 3 months using 2D-DIGE employing methodology that has been previously described in detail [27] . Briefly, protein samples were extracted from dysfunctional anterior myocardium secondary to a moderate LAD stenosis at 2 months (n = 18) or 3 months (n = 22) after instrumentation. A pooled control sample consisting of equal amounts of total protein from the LAD regions of 3-month sham-instrumented swine (n = 11) was used as a normal reference. This also provided a common internal standard since it was present on all gels. Experimental samples were labeled with CyDye DIGE fluors (Cy2, Cy3 or Cy5) separated on immobilized gradient strips (pH 3-10 nonlinear), and subjected to 2D-electrophoresis as we have previously described [27] . The fluorescent gels were scanned and imported into DeCyder version 6.5 software (GE Healthcare) for analysis.
A total of 22 gels were run. Each gel received three samples, consisting of total protein from an animal in the 2-month group, an animal in the 3-month group, and the pooled normal control. Some gels consisted of only 3-month samples plus the pooled sham control as there were more animals in the 3-month than 2-month group. We extracted spot intensity data from the software and calculated an average volume ratio for each spot. Normalization was accomplished using the DeCyder software (GE Healthcare). A pooled normal control sample was run on each gel along with the experimental samples. This common protein sample allowed the relative quantitation of the spots of interest to be assessed across a series of experiments run on separate gels (i.e., a common internal reference). Individual spot volumes on each gel were calculated after spot-specific background subtraction. A histogram of spot frequency against log 10 spot volume for each gel image allowed the calculation of the center of volume for each gel. The volume of each spot was then divided by the center of volume to yield a normalized volume for each spot in each image of each gel. We then extracted the normalized volumes from the software and calculated an average volume ratio for each spot. The tabulated LAD/ normal ratio provided in the results is the average volume ratio for the animals in each experimental group.
Identification of proteins was performed on tryptic digests using matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass spectrometry and the Mascot search engine (matrixscience.com) interrogating the UniProt KB/Swiss-Prot database as previously described [27] . Spots for digestion and identification were picked from a Sypro Ruby (Molecular Probes) stained gel loaded with total protein from a representative animal and identification of the spots confirmed two or more times on independent gels using MALDI-TOF.
Mitochondrial respiration
Mitochondria were isolated as previously described [17, 18] with in vitro mitochondrial respiration assessed using both pyruvate and glutamate as the substrate. These protocols began after some of the two-month experiments began and thus, a smaller subset of 2-month swine with a moderate stenosis (n = 8) were compared to animals with a critical stenosis at 3 months (n = 21). These were compared to mitochondria isolated from normal control animals (n = 10). Mitochondria were isolated from 0.3 to 0.8 g pieces of fresh minced subendocardial tissue using a commercial mitochondrial isolation kit (Sigma, St. Louis, MO). Samples were treated with 0.25 mg ml -1 trypsin in an extraction buffer of 10 mmol L -1 HEPES pH 7.5,
sucrose and 1 mmol L -1 EGTA to digest connective tissue. Trypsin was quenched with albumin. Samples were subsequently homogenized in extraction buffer for 20 s and spun at low speed (700 g for 8 min) to remove debris followed by a higher speed centrifugation (11,000g for 12 min) to pellet the mitochondria. The pellet was resuspended in incubation medium (80 mmol L
delipidated bovine serum albumin), and protein content was determined with the DC Protein Assay from Bio-Rad. Mitochondrial oxygen consumption was measured at 31°C using a Clark electrode-based oxygen measuring system (Instech Laboratories, Plymouth Meeting, PA) as previously described [18] . Equal amounts of mitochondrial protein were loaded into each sample chamber. Samples were incubated with either pyruvate (10 mmol L -1 ) or glutamate (10 mmol L -1 ), and state 3 respiration was initiated by the addition of ADP (2 lmol). Reported values reflect the average of two sequential measurements. The respiratory control ratio (RCR) was calculated as the ratio of state 3 to 2 respiration.
Data analysis and statistics
In order to visualize variability among individual animals, we constructed a heat map using PermutMatrix version 1.9.3 (http://www.lirmm.fr/*caraux/PermutMatrix/EN/ index.html). For inclusion in the heat map, spots had to be present in more than 75 % of the gels ([14 of the 18 gels from the 2-month animals, and [18 of the 22 gels from the 3-month animals). When multiple gel spots with the same protein identification were present, we included the gel spot found in the greatest number of gels. All LAD/ Normal protein expression ratios were log base 2 transformed for the analysis.
Differences in coronary flow reserve and mitochondrial respiration data were identified using an analysis of variance (ANOVA) with the SigmStat 3.0 software (SPSS, Inc.). Myocardial wall thickening data were analyzed using Student's paired t test. Although we paired 2-month and 3-month protein samples on each 2D-gel, they were from different experimental animals and we used a conservative analysis employing an unpaired t test with a p value of \0.05 to be considered significant. Relations among selected protein changes and flow reserve were also examined using regression analysis on identified spots that were significantly altered from control at 2 or 3 months.
Results
Progression of stenosis severity, coronary flow reserve, and contractile dysfunction in viable dysfunctional myocardium
The relation between coronary flow reserve and function as stenosis severity increased is summarized in Fig. 1 . Resting hemodynamics were similar in both groups (Table 1) . At 2 months, there was a moderate reduction in flow reserve (LAD 2.60 ± 0.37 versus remote 5.10 ± 0.39; p \ 0.05) which progressed to a critical reduction at 3 months (LAD 1.09 ± 0.20 versus remote 4.64 ± 0.44; p \ 0.05). Despite progression in the physiological severity of the stenosis, reductions in regional function were similar and independent of coronary flow reserve (LAD 36.9 ± 3.7 % versus 85.8 ± 9.3 % in remote at 2 months and LAD 31.6 ± 2.6 % versus 91.4 ± 5.3 % in remote at 3 months; both p \ 0.05 vs. remote). Global LV function was normal and there was no clinical evidence of heart failure in either group although resting left ventricular end-diastolic pressure was elevated.
Proteomic profiling of viable dysfunctional myocardium varies with functional stenosis severity A representative 2D-gel is shown in Fig. 2 . Of the 2,265 reproducible gel spots, 147 were identified by MALDI-TOF mass spectrometry. Identified gel spots are labeled in the figure, and quantitative results are summarized in Table 2 . MALDI-TOF and Mascot search data for all spots can be found in the Online Resource 1. A total of 25 gel spots representing 20 unique proteins (8 increased, 12 decreased) were significantly altered in expression after the development of a moderate stenosis (2 months) as compared to normal animals. As functional stenosis severity progressed to a critical stenosis at 3 months, the number of differentially expressed proteins in hibernating myocardium rose to 48 spots (13 increased, 35 decreased) representing 33 unique proteins. A total of 18 of the spots (7 increased, 11 decreased) were differentially altered as the physiological significance of a stenosis increased from a moderate to a critical stenosis (2 vs. 3 months) and represented 15 unique proteins. The most commonly identified proteins included mitochondrial, contractile, stress, structural/cytoskeletal, and metabolic proteins. A summary of the protein changes in each animal and their corresponding expression ratios are represented using a heat map in Fig. 3 with all identified protein data summarized in Table 2 .
When categorized by function, the majority of mitochondrial, stress, and structural proteins were not changed until a critical stenosis developed. Reductions in mitochondrial proteins included pyruvate dehydrogenase (PDH) subunits, citric acid cycle enzymes, fatty acid oxidation enzymes, and members of the electron transport chain with examples and their corresponding gel shown in Fig. 4 . While most mitochondrial proteins were reduced in expression, mitochondrial stress-70 protein and mitofilin were upregulated at both the 2-month and 3-month time points (Table 2 ). Prohibitin and voltage dependent anion channels one and two were unchanged in expression at either time point (Table 2) . While some stress proteins were already increased at 2 months, the majority became upregulated with the progression to a critical LAD stenosis (Fig. 5) . Likewise, proteins involved in glycolysis (e.g., Lactate Dehydrogenase B and glyceraldehyde phosphate dehydrogenase) also became differentially expressed with the progression to a critical stenosis. Thus, the development of myocardial dysfunction at rest, which began at 2 months, preceded the development of altered metabolic and stress protein expression.
We also found several contractile proteins to be differentially expressed in viable dysfunctional myocardium. These coincided with the development of contractile dysfunction at and moderate stenosis at 2 months (Fig. 6 ). They remained depressed with the progression to a critical stenosis at 3 months. Some of the candidate proteins identified included thin filament proteins such as troponin, myosin light chains, and myosin heavy chain b (Table 2) . A few candidate proteins such as tropomyosin were only decreased at 3 months. Reductions in contractile proteins were not associated with TTC evidence of infarction and preceded the upregulation in structural proteins such as desmin and vinculin that increased after the development of a critical stenosis (Table 2) . Comparison of anatomic and functional stenosis severity in swine with viable dysfunctional myocardium. a Selected left coronary angiograms from swine with viable dysfunctional myocardium images. Angiographic stenosis severity was moderate at 2 months and progressed to a severe stenosis at 3 months. b Summary of coronary flow reserve. Subendocardial flow reserve (adenosine/rest) in the LAD region was reduced to approximately half of normal at 2 months (n = 18). At 3 months (n = 22), coronary flow reserve was critically impaired in the LAD region and vasodilated LAD flow could not increase above resting levels. c Echocardiographic systolic wall thickening. Regional LAD wall thickening was decreased in animals with a moderate LAD stenosis and remained depressed with progression to a critical stenosis. There was no significant difference in LAD function between the moderate and critical LAD stenosis groups Reductions in mitochondrial respiration require a critical impairment in flow reserve
We evaluated mitochondrial respiration to determine the functional significance of the differential mitochondrial protein changes demonstrated using 2D-DIGE. Using pyruvate as a substrate, there was no difference in maximal (state 3) mitochondrial respiration in the LAD region of animals with a moderate stenosis at 2 months compared to normal controls (Fig. 7) . Analysis of the relative changes for differentially expressed proteins in the mitochondrial respiration studies was the same as those in the larger subset used for proteomic analysis (slope 0.96, R 2 = 0.97). With the development of a critical stenosis, state 3 respiration was reduced (145 ± 12.6 ng-atoms O 2 mg -1 min -1 after 3 months versus 216 ± 14.9 ng-atoms O 2 mg -1 min -1 at 2 months; p \ 0.05), and changes were consistent with the multiple mitochondrial proteins that were reduced at 3 months (Table 2) . Interestingly, when glutamate was used as the substrate, there was a statistically insignificant reduction in state 3 mitochondrial respiration with a critical stenosis. This suggests that the reductions in the pyruvate dehydrogenase complex protein levels may have a more important functional impact than do the modest reductions seen in the expression of electron transport proteins.
Regression relations of individual proteomic expression data and flow reserve
Three patterns of protein expression were identified in relationship to coronary flow reserve, and examples are summarized correlating individual animals in Fig. 8 . As coronary flow reserve decreased, PDH-E1a was initially unchanged but became progressively downregulated in animals with a more severe physiological impairment. At the other extreme, stress proteins such as HSP-20 reciprocally increased as coronary flow reserve became reduced. In contrast, reductions in the selected myofilament proteins identified using 2D-DIGE occurred over a fairly wide range of coronary flow reserve. These data support the notion that stenosis severity and the development of a critical stenosis are required for some of the intrinsic adaptations to ischemia to develop. were quantified using 2D-DIGE, and identification was performed with MALDI-TOF as described in the methods. Each number corresponds to the spot identification summarized in Table 2 
MW
Discussion
Our results provide important new insight into the physiological factors that drive adaptive remodeling of the heart subjected to chronic repetitive ischemia. A moderate stenosis produces a regional downregulation in contractile proteins that is accompanied by contractile dysfunction. These are early changes that are largely independent of stenosis severity and occur in a setting where metabolic, stress, and cytoskeletal proteins are minimally altered. As coronary flow reserve becomes critically impaired and hibernating myocardium develops, enzymes involved in oxidative metabolism and electron transport decrease resulting in a reduction in state 3 mitochondrial oxygen consumption. With the progression to a critical stenosis, a variety of stress proteins and cytoskeletal proteins become upregulated. Many of the changes are related to the extent that coronary flow reserve is reduced but independent of contractile dysfunction. The variability of molecular adaptations that occur with similar degrees of contractile dysfunction may be responsible for some of the variability in the time course and extent of functional recovery after revascularization that is observed clinically [35] .
Coronary flow reserve, contractile dysfunction, and protein expression
We previously demonstrated a progression of physiological and selected cell and molecular adaptations as viable dysfunctional myocardium progresses from chronically stunned to hibernating myocardium in swine with a chronic LAD stenosis. At a histological level, hibernating myocardium has regional myocyte loss and myocyte hypertrophy that arises from myocyte apoptosis [11, 23] . Human biopsies have demonstrated that the inducible form of nitric oxide synthase and cyclooxygenase are increased in hibernating myocardium and may contribute to this cellular remodeling as well as contractile dysfunction [3] . Using Northern and Western Analysis, we previously demonstrated that the development of hibernating myocardium was accompanied by a critical impairment in flow reserve and regional downregulation in the mRNA and protein for the SR Ca 2? ATPase and phospholamban while calsequestrin remained normal [9] . An accelerated progression of these SR protein changes could be produced 2 weeks after acutely applying a critical stenosis on the proximal LAD of chronically instrumented pigs [33] . In contrast, changes in SR calcium handling protein expression were small or insignificant in animals studied at 2 months where coronary flow reserve was reduced to a similar extent as in the present study. Similar findings were reported following short-term hibernation and acute stunning [24] . Other investigators showed that the progression to hibernating myocardium was accompanied by a reduction in the expression of glycogen synthase kinase (GSK-3b) along with a shift from fatty acid to glucose utilization [21] . Additional physiological changes are present in viable dysfunctional myocardium prior to the development of a
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Stress and Structural Proteins
Contractile Proteins Fig. 3 Heat map representing overall expression of the most commonly identified proteins in animals with a moderate (2 months) and severe (3 months) stenosis. Each square represents data for the selected protein from an individual animal. Red squares depict proteins that are reduced in expression vs. normal myocardium, green represents proteins that are upregulated vs. normal myocardium, and gray squares identify protein spots not present on the gel for that particular animal. Mitochondrial proteins were primarily reduced after the development of a critical stenosis at 3 months. Likewise, stress and structural proteins became increased after a critical stenosis developed. In contrast, contractile proteins were reduced with a moderate stenosis and remained downregulated after a critical stenosis developed at 3 months. Glycolytic enzymes tended to increase with the progression to a critical stenosis. Average data are summarized in Table 2 Basic Res Cardiol (2013) 108:354 Page 11 of 17 critical stenosis. For example, increased 18 F-2-deoxyglucose uptake in the fasting state was present in the same model where a chronic LAD stenosis produced dysfunctional myocardium at 2 months and 3 months after instrumentation [8, 10, 14] .
Glycolytic Enzymes
Mitochondrial Proteins
Our quantitative proteomic approach with 2D-DIGE advances our understanding of the spectrum of metabolic adaptations by demonstrating that alterations in mitochondrial function are not present during the initial adaptive response to ischemia. By evaluating animals with dysfunctional myocardium with a less severe coronary stenosis, we identified reductions in contractile protein expression as the earliest protein changes in viable chronically dysfunctional myocardium. Regardless of functional Bar graphs on the right summarize group mean data for animals with dysfunctional myocardium and a moderate stenosis (2 months) and critical stenosis (3 months). Stress proteins such as a B crystalline were initially normal and became upregulated with the progression to a critical LAD stenosis. Desmin, a structural protein, also became upregulated as stenosis severity progressed. GAPDH was also mildly increased at 3 months. In contrast, L-lactate dehydrogenase B decreased with stenosis progression. The dashed lines represent the value of unity stenosis severity or time point studied (early versus late), regional LAD dysfunction was accompanied by a regional reduction in contractile proteins. These changes may correspond to the myofibrillar loss or ''myolysis'' demonstrated in human biopsies as well as in swine with viable dysfunctional myocardium [4, 33] . Particularly noteworthy was the reduction in troponin and myosin light chains. Although most changes likely reflected a reduction in protein expression, a small number of contractile protein spots increased. While it is likely that the latter changes represent post-translational modification, identifying the specific mechanisms will require alternate approaches to characterize post-translational modifications of the myocardial proteome. The molecular mechanisms responsible for contractile dysfunction in stunned and hibernating myocardium have yet to be identified. Nevertheless, our finding that reductions in contractile proteins were largely independent of coronary flow reserve supports the possibility that the mechanisms responsible for contractile dysfunction may be similar in chronically stunned and hibernating myocardium. This contrasts with the differential expression of SR Ca 2? uptake proteins which were normal at 2 months in the same model [23] but regionally reduced in relation to coronary flow reserve in hibernating myocardium. Likewise, it also contrasts with the differential downregulation in mitochondrial function that develops only after a critical stenosis is present. Although we have demonstrated that proteolytic modification of troponin I is not responsible for acute stunning in swine [34] , further studies will be needed to evaluate this and other possible post-translational modifications of thin filament proteins in viable chronically dysfunctional myocardium.
In contrast to reduced contractile protein expression, there was little alteration in the expression of stress (e.g., aB crystallin and superoxide dismutase) and cytoskeletal Fig. 7 Progression of altered mitochondrial respiration as stenosis severity increased between 2 and 3 months. Basal state 2 respiration was normal in dysfunctional animals. Maximal ADP stimulated state 3 mitochondrial respiration remained normal in animals with a moderate stenosis which was consistent with the lack of mitochondrial protein changes at 2 months. In contrast, state 3 respiration declined with the progression to a critical stenosis and consistent with the downregulation of metabolic proteins identified using 2D-DIGE. Interestingly, the reduction in state 3 oxygen consumption after glutamine was not significant in animals with a critical stenosis. This suggests that the alterations in pyruvate dehydrogenase may be more functionally important than the reductions in the electron transport chain proteins proteins (e.g., desmin and vinculin) at 2 months. Stress and cytoskeletal proteins increased as viable dysfunctional myocardium was accompanied by a critical impairment in flow reserve. Consistent with these protein changes, we previously demonstrated a reorganization of cellular desmin using immunohistochemistry which was coupled with a modest (statistically insignificant) increase in desmin protein expression in hibernating myocardium [32] . Thus, the initial ischemia leading to chronic contractile dysfunction does not immediately induce endogenous protective mechanisms or cytoskeletal protein changes. Since we have previously demonstrated that regional changes in connective tissue were similar in chronically stunned and hibernating myocardium [11] , the progressive increases in cytoskeletal proteins may reflect changes arising within myocytes as opposed to increases within fibroblasts.
Functional stenosis severity and mitochondrial protein changes
Previous studies have demonstrated changes in mitochondrial proteins and mitochondrial function in response to ischemia [26, 36, 37] . A proteomic strategy similar to this study demonstrated that many mitochondrial proteins are downregulated in swine with hibernating myocardium [27] which were validated and extended in subsequent studies using alternate methodology [7] . The functional significance of the mitochondrial protein changes was previously confirmed by showing a reduction in pyruvate dehydrogenase, cytochrome c oxidase, and citrate synthase enzyme activity [27] . Likewise, McFalls et al. [26] demonstrated that the reduction in mitochondrial function was coupled with a reduction in superoxide anion production in hibernating myocardium that was associated with an increase in uncoupling protein 2. Once developed, the mitochondrial protein changes in hibernating myocardium remained stable in animals studied between 3 and 5 months after instrumentation. This is consistent with the stability in the physiological findings present once hibernating myocardium has developed in this model, i.e., stable contractile dysfunction and critical impairment in coronary flow reserve without evidence of progressive fibrosis [12] .
The present results demonstrate that contractile dysfunction precedes reductions in many mitochondrial proteins. Thus, the downregulation in mitochondrial function reflects a more advanced state of adaptation requiring a critical impairment of coronary flow reserve. The differential impact of functional stenosis severity on mitochondrial oxidative metabolism was directly confirmed by showing that in vitro mitochondrial respiration using pyruvate as substrate was normal despite contractile dysfunction at 2 months. Mitochondrial respiration decreased with a downregulation in mitochondrial proteins after a critical impairment in coronary flow reserve developed at 3 months. These results support the notion that reduced oxygen consumption in vivo [13] , reduced mitochondrial oxygen consumption in vitro, and slowed ATP depletion during simulated ischemia [18] are distinct characteristics were upregulated in a fashion that was inversely related to coronary flow reserve. In contrast, contractile proteins such as Troponin T (panel C) were reduced in a fashion that was independent of coronary flow reserve at the two time points. This paralleled the reduction in regional function which was also similar in animals with a moderate and critical stenosis of chronic hibernating myocardium that reflect a downregulation in energetics as the frequency or severity of repetitive ischemia increases distal to a critical stenosis. It is also possible that the downregulation of mitochondrial proteins reflects the proteomic profile of myocyte cellular hypertrophy which arises from ischemia-induced myocyte apoptosis in hibernating myocardium [23] . Most previous investigation has focused on the impact of connective tissue replacement on functional recovery but myocyte apoptosis has also been linked to incomplete functional recovery after revascularization [1] . While speculative, the reductions in mitochondrial proteins may serve as a molecular marker for a more advanced adaptive state that could impact reversibility. The finding of reduced state 3 mitochondrial respiration with pyruvate confirms the functional significance of reductions in oxidative metabolic protein expression that occur as the physiological significance of a coronary stenosis increases. The trend toward a reduced state 3 mitochondrial respiration with glutamate in the setting of a critical coronary stenosis did not achieve statistical significance. One explanation for this disparity is that PDH is the main rate limiting enzyme and the entry point of glucose into oxidative metabolism and utilization of glutamate as a substrate bypasses PDH. In addition to reductions in the level of PDH subunits, PDH activity is also regulated by phosphorylation through the action of the pyruvate dehydrogenase kinase (PDK), which can further amplify the effect of reduced subunit enzyme expression on activity. Interestingly, Kudej et al. [22] showed that dichloroacetate, a pharmacological inhibitor of PDK, stimulated PDH activity in acutely stunned myocardium and increased glucose oxidation and myocardial function. These observations suggest that alterations in PDH may be more important in altering mitochondrial function than the reductions in the more distal enzymes involved in oxidative metabolism and mitochondrial electron transport.
Methodological limitations
The existence of post-translational modifications in contractile and mitochondrial proteins has been demonstrated with pharmacologic preconditioning [2] . We circumvented these acute proteomic changes by harvesting the myocardial tissue several days after administering stimuli such as phenylephrine and adenosine which can pharmacologically precondition the heart but our study does not provide specific insight into the role they play in viable dysfunctional myocardium. Future studies using proteomic techniques directed at specific post-translational modifications or characterization of modified proteins by LC/MS techniques will need to be performed to address this. Second, we identified nearly half of the differentially altered protein spots on 2D-DIGE but others including many that remained unchanged have not been identified. Broader coverage of the myocardial proteome will require more sophisticated and high throughput mass spectrometry techniques that are currently in progress [7] . Finally, the dynamic range of the protein changes that can be assessed using 2D-DIGE is limited and the myocardial proteome is therefore dominated by the abundant contractile and mitochondrial proteins present in whole tissue. Membrane proteins are underrepresented and developing proteomic strategies to quantify these in viable dysfunctional myocardium could provide additional insight into the progression of intrinsic protein adaptations during chronic repetitive ischemia.
Conclusions and clinical implications
Our study demonstrates the progressive nature and molecular diversity of changes in protein expression as coronary flow reserve decreases in viable dysfunctional myocardium. While speculative, the greater extent of molecular remodeling found in the setting of a severe critical stenosis may allow the heart to adapt but at the same time reduce the extent of functional recovery following revascularization. In support of this, a recent study by Kelly et al. [20] demonstrated persistent regional contractile dysfunction with Dobutamine stress after surgical revascularization in a similar swine model of hibernating myocardium. This was accompanied by a continued depression of maximal energy utilization during inotropic stimulation and persistent reductions in some mitochondrial proteins. While speculative, quantifying regional flow reserve in viable dysfunctional myocardium in addition to the extent of segmental fibrosis may provide better insight into predicting the extent of functional recovery after revascularization.
